Summary The effect of the paclitaxel vehicle Cremophor on the pharmacokinetics of doxorubicin and doxorubicinol was studied in two groups of mice given intravenously either 2.5 ml kg-' Cremophor or saline followed 5 min later by 10 mg kg-' doxorubicin. In each group three mice were sacrificed at ten time points and doxorubicin and doxorubicinol were measured in plasma by high-performance liquid chromatography (HPLC). With Cremophor present, doxorubicin AUC increased from 1420 +440 to 2770 + 660 ng h ml-' (P <0.05) and doxorubicinol AUC increased from 130 + 76 to 320 + 88 ng h ml-' (P <0.05). Neither the terminal elimination half-lives nor the doxorubicinol -doxorubicin AUC ratio changed in the presence of Cremophor, suggesting lack of a direct effect on drug metabolism. The possibility exists that Cremophor may change the pharmacokinetics of both paclitaxel and other drugs given concurrently.
Multidrug resistance (MDR) is characterised by cellular resistance to many natural products, including anthracydlines and paclitaxel. Cremophor EL (Cremophor), a polyethoxylated castor oil derivative used to solubilise drugs, can reverse the MDR phenotype in vitro (Friche et al., 1990; Woodcock et al., 1990; Chervinsky et al., 1993) . MDR modulators can change the pharmacokinetics of cytotoxic drugs, including doxorubicin, often resulting in increased toxicity and necessitating dose reductions (Lum et al., 1992; Bartlett et al., 1994) . Because Cremophor is a potentially useful MDR modulator, it is important to determine its effect on the pharmacokinetics of other drugs. In addition, paclitaxel is formulated with Cremophor, and plasma levels of Cremophor in patients following a 3 h infusion of 135 or 175 mg m-2 paclitaxel are sufficient to reverse MDR in vitro (Webster et al., 1993) . Potential pharmacokinetic interactions have been reported between paclitaxel and doxorubicin (Holmes et al., 1994) and it is possible that the Cremophor present in the paclitaxel vehicle is contributing to the interaction. We therefore studied the effect of Cremophor on the pharmacokinetics of doxorubicin and its major metabolite, doxorubicinol, in mice.
Materials and methods
The study was approved by the institutional Animal Experimentation Ethics Committee. Female Balb/c mice (9-12 weeks, 18-24g) were housed in a constant temperature facility with a 12 h light/dark cycle and had free access to food and water. All drugs were injected intravenously in a tail vein at 10 ml kg-'. Sterile Cremophor EL as 25% (v/v) in saline (0.9% sodium chloride) and doxorubicin hydrochloride as 2 mg ml-' in saline were obtained from David Bull Laboratories, Melbourne, Australia. Mice received either Cremophor 2.5 ml kg-' or saline, followed 5 min later with 10 mg kg-' doxorubicin. In each group (Cremophor or saline control), three mice were sacrificed at each of ten time points following doxorubicin (5, 15, 30 min 1, 1.5, 2, 4, 8, 24 , and 48 h) and bled into heparinised tubes to obtain plasma, which was frozen until assay. Doxorubicin and its major metabolite doxorubicinol were measured by high-performance liquid chromotography (HPLC) (Maessen et al., 1987) using 200 MI plasma. The minimum quanitifiable concentration for both doxorubicin and doxorubicinol (lowest concentration with a CV <20%) was 0.5 ng ml-'. Standard non-compartmental pharmocokinetics was calculated (Gibaldi, 1991) and the results were compared using the Student's t-test, accepting P < 0.05 as statistically significant.
Results
The plasma concentrations for doxorubicin were higher at all time points following Cremophor administration (Figure 1 ), resulting in a 2-fold increase in the AUC (P<0.05, Table 1 ). In addition, the peak concentration doubled, and doxorubicin clearance decreased by 50%, but these differences did not reach statistical significance. The volume of distribution also decreased significantly. In contrast, the terminal elimination half-life did not change.
When Cremophor was given before doxorubicin the peak doxorubicinol plasma concentration was more than 2-fold higher than with doxorubicin alone, and the levels remained higher, resulting in a significant increase in the AUC ( Figure  1 , Table I ). As with the parent drug, the terminal elimination half-life was not altered. In addition, the ratio of the AUC of doxorubicinol to doxorubicin did not decrease (0.093+0.042 in the control group and 0.155 + 0.005 with Cremophor pretreatment).
Discussion
The reversal of MDR by Cremophor in vitro is rapid and reversible and may be either due to a direct interaction with P-glycoprotein (P-gp) (Friche et al., 1990) or the result of a general membrane,perturbation affecting its function (Sinicrope et al., 1992; Chervinsky et al., 1993) . Administration of Cremophor EL just before doxorubicin increased the bioavailability of both doxorubicin and its major metabolite, doxorubicinol, in mice. Cremophor has also been shown to inhibit the elimination of etoposide in the isolated perfused rat liver (Ellis et al., 1995) . It is possible that Cremophor is inhibiting P-gp-mediated biliary excretion of doxorubicin and doxorubicinol. P-gp has been demonstrated in secretory epithelial cells in the kidney, adrenal, liver and small intestine (Borst et al., 1993) , and there is evidence that P-gp in the biliary canalicular membrane contributes to the biliary excretion of many compounds, including doxorubicin (Speeg and Maldonado, 1994) .
It is unlikely that direct inhibition of cytochrome P450 metabolism by Cremophor contributed to the interaction, since this would cause the doxorubicin elimination half-life to increase and would possibly decrease the ratio of AUC of metabolite to parent drug. However, Cremophor did decrease the volume of distribution of doxorubicin and may therefore have decreased or delayed liver uptake and consequently inhibited clearance. Although only total doxorubicin was measured, it is possible that Cremophor affected plasma protein binding. Cremophor is known to associate in plasma preferentially with low-density lipoproteins and at higher concentrations it destroys high-density lipoproteins (Kongshaug et al., 1991) . It has also been reported that Cremophor apparently alters the biodistribution of paclitaxel by decreasing its affinity to albumin and increasing its association with low-density lipoproteins (Sykes et al., 1994) .
Owing to the nature of the Cremophor bioassay (Webster et al., 1993) , it was not possible to measure Cremophor levels in mice, but it is likely that they would approximate clinically relevant concentrations. Because of its low water solubility, paclitaxel for clinical use is formulated as 65 mg ml-' in 50% Cremophor EL and 50% ethanol. A patient (1.8 m2) treated with a standard dose of 175 mg m-2 paclitaxel (315 mg) would also receive 26 ml of Cremophor, or 14.4 ml m-2. The dose of Cremophor given to mice in the present study, 2.5 ml kg-', is equivalent to 7.5 ml m-2, which is approximately half the dose administered with paclitaxel.
Paclitaxel pharmacokinetics changes with dose and length of infusion, such that decreasing the infusion time for the same dose of paclitaxel, or increasing the dose for the same infusion time, decreases the clearance, suggesting that paclitaxel elimination is dose dependent (Sonnichsen and Relling, 1994; Gianni et al., 1995) . Alternatively, these nonlinear pharmacokinetics could be explained by a drug interaction between Cremophor and paclitaxel similar to the effect of Cremophor on doxorubicin in the present study. Thus the varying plasma levels of Cremophor that would occur with altered paclitaxel doses and infusion rates might cause the pharmacokinetic changes.
In the present study Cremophor increased the bioavailability of both doxorubicin and its major metabolite, doxorubicinol, in mice. Although toxicity was not investigated, the increased bioavailability might be expected to increase the myelosuppression and cardiotoxicity associated with doxorubicin. Owing to its administration in large amounts during paclitaxel treatment, the possibility exists that Cremophor may change the pharmacokinetics of both paclitaxel and other drugs given concurrently, potentially enhancing toxicity as well. In addition, patients receiving Cremophor as an MDR modulator in combination with cytotoxic drugs may also experience greater toxicity due to altered pharmacokinetics of the cytotoxic agent.
